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Abstract: The dispersion of the water1H longitudinal relaxation rate in the frequency range 2-100 MHz has been
measured in aqueous solutions of bovine pancreatic trypsin inhibitor (BPTI) and a mutant protein (G36S) lacking
one of the four internal water molecules. The1H relaxation dispersion has also been measured for BPTI in a series
of H2O/D2O mixtures. The quantitative analysis of these data resolve the major controversies in the interpretation
of water 1H relaxation data from protein solutions and has implications for medical magnetic resonance imaging.
Three principal conclusions are drawn. First, as previously found for the water2H and17O dispersions, the BPTI-
G36S difference1H dispersion can be quantitatively accounted for by a single, fully ordered, internal water molecule
(W122). The intrinsic relaxation rate of these water protons isca. 70% intramolecular, with the intramolecular
dipole coupling constant as in ice, andca. 30% intermolecular, with significant dipole couplings to many BPTI
protons. Second, exchanging protons in the protein make a substantial contribution to the observed water1H relaxation
rate. This contribution should be dominant even at neutral pH for most proteins. Third, the effect of intermolecular
dipole couplings with protein protons is additive, and cross-relaxation effects are negligible. A theoretical analysis
of dipole relaxation in a multispin system undergoing chemical exchange with an abundant bulk phase shows that
this conclusion holds generally within the regime of motional narrowing theory.

Introduction

Since the pioneering study by Daszkiewiczet al. in 1963,1

proton relaxation studies of water-protein interactions and
dynamics have grown into an active field of investigation.
While such studies have always been of fundamental biophysical
interest, they are now also motivated by the importance of
relaxation-based contrast in clinical applications of magnetic
resonance imaging. It was recognized at an early stage2-4 that
the frequency dependence of the longitudinal relaxation rate,
the nuclear magnetic relaxation dispersion (NMRD), contains
information about water-protein interactions and dynamics.
Extracting this information turned out to be nontrivial, however,
and after nearly three decades of1H NMRD studies of protein
solutions and other biological systems a consensus view is still
lacking.5-8 The interpretational controversy concerns three
major issues: (i) the nature of the protein-associated water that
contributes to the relaxation dispersion: its location, orientational
order, and residence time, (ii ) the relative importance of direct
contributions to the observed1H relaxation rate from labile
protein protons exchanging with water, and (iii ) the effect of

cross-relaxation between the longitudinal magnetizations as-
sociated with water protons and protein protons.
The principal obstacle to progress in the water NMRD field

has been the difficulty of establishing the molecular mechanism
whereby hydration water senses the rotational diffusion of the
protein. This mechanism has only recently been identified by
2H and17O NMRD studies of several proteins.9-15 These studies
unambiguously demonstrate that the17O relaxation dispersion
is due neither to a long-range hydrodynamic effect as argued
for 15 years5,16nor to long-lived water molecules at the protein
surface as currently advocated by several workers7,17-19 but to
a small number of crystallographically well-defined water
molecules buried inside the protein and exchanging with bulk
water on a submicrosecond time scale. The2H dispersion
generally includes an additional contribution from labile protein
hydrogens.11 Since the intrinsic1H relaxation times of labile
protons are 1-2 orders of magnitude longer than the2H rates,
the labile proton contribution to the1H dispersion should be
correspondingly larger, possibly dominating over the hydration
water contribution. This is probably the main reason why1H
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NMRD studies failed to identify the mechanism behind the
hydration water dispersion.
We report here new1H NMRD data from solutions of bovine

pancreatic trypsin inhibitor (BPTI), perhaps the best understood
of all globular proteins. Results from two types of NMRD
experiments are presented. The first is a difference NMRD
experiment, where wild-type BPTI is compared with the G36S
mutant of BPTI, lacking one of the four internal water
molecules.20 The difference dispersion profile thus monitors
the relaxation enhancement produced by a single internal water
molecule (denoted W122). We have recently used this approach
with the quadrupolar water nuclei2H and17O, establishing that
W122 is fully ordered and exchanges with a residence time of
170( 20µs at 27°C.13,14 In the second experiment, we record
the1H NMRD profiles from a series of BPTI solutions differing
only in the H/D isotopic composition of the solvent. Such
isotope dilution experiments can be used to isolate the contribu-
tion to the 1H relaxation rate from intermolecular dipole
couplings with nonexchangeable protein protons.4,21-26

Besides the detailed information available from recent2H and
17O NMRD studies,9-14 two additional circumstances combine
to make BPTI an ideal protein for disentangling the complex
interplay of water and proton exchange and of intra- and
intermolecular dipole couplings that influence the1H relaxation
rate. First, a high-resolution crystal structure is available, based
on jointly refined neutron and X-ray diffraction data, providing
the spatial coordinates of all protons, including those of the four
internal water molecules.27 This geometrical information makes
it possible to calculate the intermolecular contributions to the
dipole relaxation of internal water protons and labile BPTI
protons. Second, most of the exchange rate constants for the
labile protons of BPTI are known,11,28,29 permitting reliable
estimates of the direct labile proton contribution to1H relaxation
at any pH.
Drawing on the massive body of information about BPTI,

including the recent2H and17O NMRD results,9-14 we are able
to quantitatively rationalize the new1H NMRD data, thereby
resolving the three major interpretational ambiguities mentioned
above. Taking into account a 30% intermolecular contribution,
calculated from crystal structure data, and using the ice value
for the intramolecular dipole coupling constant of H2O, we thus
obtain quantitative agreement with the2H and17O results for
the isolated internal water molecule W122. A similar agreement
is found for the other three internal water molecules. The direct
contribution from labile BPTI protons is comparable to that from
one internal water molecule at pH 5.1 but dominates the1H
dispersion at pH 7. This is an important result, since the labile
proton contribution has frequently been assumed negligible at
neutral pH.5,7,8,16-18,22,26,30,31 Finally, the present finding that
the 1H relaxation dispersion can be quantitatively rationalized
without invoking cross-relaxation indicates that magnetization

transfer between water and protein protons does not significantly
affect the observed water1H relaxation. This conclusion is
corroborated here by a rigorous theoretical analysis of dipole
relaxation in an exchanging multispin system, showing that, for
BPTI, the cross-relaxation effect is within the experimental
uncertainty ofca. 1% in the measured relaxation rate.
The dynamical coupling of water and protein proton polariza-

tionsVia an intermolecular dipole interaction is well understood
theoretically32,33 and provides the basis for studies of protein
hydration through the nuclear Overhauser effect (NOE) in
saturation transfer experiments34-38 and in two-dimensional
NOE spectroscopy.39,40 Since the nature of the dynamical
water-protein coupling underlying the1H dispersion was not
known, however, cross-relaxation in the context of water1H
NMRD has traditionally been described by phenomenological
models based on solid-state concepts such as spin temperature
and spin diffusion,5,22,41-43 of doubtful validity for protein
solutions. Since the phenomenological model of cross-
relaxation is mathematically isomorphic with the formalism of
two-state chemical exchange44 and since it involves parameters
of obscure physical significance, it is not easily confirmed or
refuted by experimental data. Nevertheless, cross-relaxation has
frequently been invoked to interpret water1H relaxation data
from protein solutions.3,5,7,22,24,26,45-48 ,56 The present more
rigorous theoretical analysis shows, however, that the effect of
cross-relaxation is negligible, a result consistent with the
experimental data presented here. Furthermore, we argue that
this conclusion holds generally within the regime of the
conventional motional narrowing theory of spin relaxation. The
main arguments for the importance of cross-relaxation have
come from isotope dilution experiments and comparisons of1H
and 2H NMRD profiles. Here we compare for the first time
the NMRD profiles of all three water nuclei (1H, 2H, and17O)
and find that the differences between them can be quantitatively
accounted for in terms of exchanging internal water molecules
and labile protons and an additive intermolecular auto-relaxation
contribution. There is thus no need to invoke cross-relaxation.
The same conclusion emerges from the analysis of the isotope
dilution experiment.

Materials and Methods

Protein Solutions. Recombinant bovine pancreatic trypsin inhibitor
(BPTI) and the G36S mutant were obtained from Bayer AG, Wuppertal,
Germany. The preparation of the mutant protein has been described.20

Wild-type and mutant proteins were subjected to the same purification
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steps and were lyophilized as salts of trifluoroacetic acid. The purity
of both protein preparations was 99.7% according to SDS-PAGE and
RP-HPLC.
Protein solutions were made by dissolving the lyophilized proteins

in doubly distilled water. A small amount of 5 M NaOH was added
to the protein solutions to give pH 5.1. The protein concentrations in
the NMR samples were determined by complete amino acid analysis
to 16.75 mM (wild-type) and 16.50 mM (mutant). The former
concentration corresponds to a water/BPTI mol ratio,NT ) 3045.
The H/D isotope dilution experiment was carried out with recom-

binant BPTI (Aprotinin, batch no. A46R02) of 99.5% purity from Novo
Nordisk A/S, Gentofte, Denmark. Four protein solutions were made
by dissolving the lyophilized protein in H2O/D2O mixtures of different
isotopic composition. D2O of >99.8 atom % D was obtained from
Glaser AG, Basel, Switzerland. The deuterium atom fractionx in the
exchanging hydrogen pool (water and labile BPTI hydrogens) was
calculated from the gravimetric sample composition, making a small
correction for protons originating from H2O in the lyophilized protein
(87% BPTI according to amino acid analysis) and from labile BPTI
groups. The BPTI concentration was 18.9 mM (NT ) 2600), differing
by less than 1% among the four samples. All solutions had pL) 5.1,
where pL) pH* + 0.4x and pH* is the uncorrected meter reading in
an isotopically mixed solvent.
Relaxation Dispersion Measurements.The longitudinal relaxation

rate, R1, of the water proton magnetization was measured with
nonselective inversion recovery using essentially the same protocol as
for 2H and17O.10,11 For the delay times used (τ > 0.05T1), no significant
deviations from single-exponential magnetization recovery could be
detected. No attempts were made to observe the initial fast relaxation
of the magnetization associated with nonexchanging BPTI protons.23,26

The relaxation dispersion comprised 16 magnetic field strengths,
corresponding to1H Larmor frequencies in the range 2.25-100 MHz.
Up to 80 MHz, the measurements were performed with a Bruker MSL
100 spectrometer equipped with an iron magnet (Drusch EAR-35N)
with field-variable lock and flux stabilizer. For the highest field, a
Bruker DMX 100 spectrometer was used. The sample temperature was
maintained at 27.0( 0.1 °C by a thermostated air flow and a Stelar
VTC87 temperature regulator unit.
Prior to relaxation measurements, the samples (1.35 or 0.30 mL in

10 or 5 mm NMR tubes thoroughly rinsed with 3 M HCl and EDTA
solutions) were gently bubbled by argon gas for 2-4 h. This procedure
virtually eliminated the small paramagnetic contribution, from dissolved
oxygen, to the proton relaxation rate.49 A pure water reference sample
treated in this way gaveRbulk ) 0.274 s-1, with no significant frequency
dependence in the investigated range. The standard literature value50

is Rbulk ) 0.265 s-1. The accuracy of the reported relaxation rates is
estimated toca.1%, except at the two lowest fields. Due to the slight
concentration difference between the wild-type and mutant protein
solutions, the mutant data were corrected to the wild-type concentration
according toR1(G36S,corrected)) Rbulk + (R1(G36S)- Rbulk)c(WT)/
c(G36S). This correction was always less than 1%.

Results and Discussion

Proton Relaxation Dispersions from BPTI and G36S.The
longitudinal relaxation dispersion of the water proton resonance
in solutions of wild-type (WT) and mutant (G36S) BPTI are
shown in Figure 1. As observed for the corresponding water
2H and17O dispersions,13,14the magnitude of the dispersion step
is distinctly smaller for the mutant. The two proteins have
virtually identical structure, except for the replacement of the
deeply buried water molecule W122 in wild-type BPTI by the
hydroxyl group of the serine-36 side-chain in the G36S
mutant.20 As in the case of the2H and17O dispersions,13,14the
difference between the1H dispersions, shown directly in Figure
2, can therefore be ascribed to the single internal water molecule
W122.

The curves shown in Figure 1 were obtained by adjusting
the three parametersR, â, andτc in the relaxation dispersion
relation10,15

This dispersion relation is strictly valid only for an isolated pair
of dipole-coupled equivalentI ) 1/2 nuclei or forI ) 1 nuclei
interacting with an electric field gradient.51 Although we shall
show that the1H dispersion has a substantial contribution from
intermolecular dipole couplings to BPTI protons, it turns out
that, to an excellent approximation, the functional form of eq 1
may be retained, provided that the parameters are interpreted
appropriately.
Disregarding for the moment the intermolecular contribution

as well as any contribution from labile BPTI protons, the
parameterR characterizing the high-frequency relaxation rate
plateau can be ascribed toNS short-lived water molecules at
the protein surface, while the parameterâ characterizing the
magnitude of the relaxation dispersion can be ascribed toNI

long-lived internal water molecules. If the latter have residence
times,τI, much longer than the rotational correlation time,τR,

(49) Hausser, R.; Noack, F.Z. Naturforsch.1965, 20a, 1668-1675.
(50) Hindman, J. C.; Svirmickas, A.; Wood, M.J. Chem. Phys.1973,

59, 1517-1522.

Figure 1. Dispersion of the water1H longitudinal relaxation rate in
solutions of wild-type (WT) and mutant (G36S) BPTI at 27.0°C, pH
5.1, and 16.75 mM protein concentration. The curves resulted from
three-parameter fits according to eq 1. Data from a pure water reference
sample are also shown, with the line representing the average value.
Except for the two lowest frequencies, the estimated error bars (ca.
1%) are roughly the same size as the data symbols.

Figure 2. The difference of the WT and G36S dispersion data in Figure
1, reflecting the single internal water molecule W122. The curve resulted
from a two-parameter fit according to eq 1 withR ) 0.

R1(ω0) ) Rbulk + R + âτc( 0.2

1+ (ω0τc)
2

+ 0.8

1+ (2ω0τc)
2) (1)
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of the protein, we can make the identificationτc ) τR.15 In the
absence of intermolecular dipole couplings, we then have10,15,51

whereNT is the total number of water molecules per protein
molecule in the solution (NT ) 3045 here),A is a generalized
orientational order parameter,12,52,53andD is the intramolecular
dipole coupling constant51

The parameter values deduced from the fits in Figures 1 and
2 are collected in Table 1. If, as previously shown,20 the point
mutation in G36S induces only local structural changes, we
expectR (which depends on the average structure of the protein
surface) andτc (which depends on the overall size and shape
of the protein) to be unaffected. The data in Table 1 clearly
confirm this expectation. In contrast, the parameterâ, which
depends on the number of long-lived internal water molecules,
is significantly smaller for the G36S mutant, where one of the
four internal water molecules has been expelled.20 A direct two-
parameter fit to the difference NMRD data (Figure 2) yields a
value for â that does not differ significantly from the dif-
ference of theâ values deduced from the WT and G36S fits
(Figure 1).
Using eq 2 withNT ) 3045 andRbulk ) 0.274 s-1, we find

that theR value in Table 1 corresponds toNS(〈RS〉/Rbulk - 1))
1460( 30, in close agreement with the values 1380( 40 and
1460( 50 previously deduced from the2H and17O dispersions,
respectively, from the same protein preparations.13 All these
results are likely to be slightly high due to the presence ofca.
0.5 M trifluoroacetate in the protein solutions.13 Using instead
the R value from the H2O solution of BPTI used in the H/D
isotope dilution experiment (Vide infra), we obtainNS(〈RS〉/Rbulk
- 1)) 1280( 40, close to the value 1200( 50 deduced from
the 2H and 17O dispersion from this BPTI preparation.10,11

TakingNS ) 23010 and assuming that the bulk water coupling
constants are unaffected, we find that these values correspond
to a slowing down of the water dynamics at the protein surface
by an average factor of 6-7 as compared to bulk water.
Although we focus in this study on the dispersion in the

1-100 MHz range, mention should be made of several potential
complications in the interpretation of the high-frequency1H
relaxation enhancementR. In general,R values derived from
1H or 2H dispersions include a contribution from labile
hydrogens. For BPTI at pH 5, however, this contribution should
be quite small, as previously demonstrated for2H.11 Whereas
the slower relaxation of1H (compared to2H) brings a larger
number of labile protons into the fast exchange regime, the much
slower relaxation of the dominant (at pH 5) hydroxyl protons

(compared to water protons) decreases the relative contribution
of labile hydrogens toR. Another complication is that the
intermolecular relaxation contribution may differ for surface
water and bulk water. The close agreement between the scaled
R values from the three nuclei, however, indicates that both
these complications are unimportant under the present condi-
tions. We note also that, in principle, the high-frequency
relaxation enhancement could be dominated by a small number
of surface water molecules with effective correlation times
around 0.3 ns, in which case a second dispersion step should
appear above 100 MHz. However, such a scenario is not
supported by relaxation data (not shown) on a different BPTI
sample (14 wt %, pH 3.9 and 7.5, 4°C), revealing no significant
R1 variation in the range 200-600 MHz.
The correlation time,τc ) 6.2 ( 0.2 ns, obtained here for

WT, and G36S BPTI can be identified with the rotational
correlation time,τR, of the protein. Previous2H and 17O
studies13 of the same protein preparations but at somewhat
higher concentrations (22.7 and 25.7 mM) than here (16.8 mM)
gaveτc ) 8.4 ( 0.2 ns (2H) and 6.6( 0.2 ns (17O). At the
lower concentration 5 mM,τc ) 2.4( 0.6 ns has been obtained
by 15N relaxation.54 The longer correlation times obtained at
the higher protein concentrations can be ascribed to protein-
protein interactions.10,55 All τc values quoted here, when not
measured in H216O at 300 K, have been scaled toT ) 300 K
andη ) 0.851 cP, assumingτc ∝ η/T.
Comparison of1H, 2H, and 17O Dispersions. In the analysis

of water relaxation dispersion data from protein solutions,
comparisons of relaxation data from different water nuclei have
played an important role.5,11-16,22,30,57 Previously, however,
comparisons of complete NMRD profiles for a given protein
have been limited to two of the three water nuclei; either the
hydrogen isotopes1H and2H5,16,22,30or the quadrupolar nuclei
2H and 17O.11-15 Figure 3 presents, for the first time, the
dipersion profiles of all three water nuclei in a protein solution,
namely the G36S mutant of BPTI. The2H and17O data have
been reported previously.13
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(55) Gallagher, W. H.; Woodward, C. K.Biopolymers1989, 28, 2001-
2024.

(56) Valensin, G.; Niccolai, N.Chem. Phys. Lett.1981, 79, 47-50.
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Table 1. Parameter Values Deduced from Fits of Eq 1 to the1H
Relaxation Dispersion Data in Figures 1 and 2

data R (s-1) â (107 s-2) τc (ns)

WT 0.130( 0.003 8.60( 0.17 6.2( 0.1
G36S 0.132( 0.003 6.42( 0.16 6.2( 0.2
difference 2.03( 0.13 6.6( 0.6

R ) (NS /NT)(〈RS〉 - Rbulk) (2)

â ) (NI /NT)
3
2
(D A)2 (3)

D ) (µ0

4π)pγ2

rHH
3

(4)

Figure 3. Dispersion of the water1H, 2H, and 17O longitudinal
relaxation rates in solutions of the G36S mutant at 27.0°C and pH 5.1
(1H) or pH* 5.2 (2H and17O). To allow a direct comparison, the data
have been scaled as in eq 5. The curves resulted from three-parameter
fits according to eq 1. The2H and 17O data have been reported
previously.13
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To enable a direct comparison of the different nuclei, the
relaxation dispersion profiles are presented in reduced form,
with the scaled relaxation rate defined as

where C(1H) ) (3/2) D2 ) (10/3) M2
intra, C(2H) ) (3π2/2)

[ø(2H)]2, andC(17O) ) (12π2/125)[ø(17O)]2. For the data in
Figure 3, we have used the iceIh values for the intramolecular
rigid-lattice second moment58,59M2

intra ) 19.6 G2 and for the
rigid-lattice quadrupole coupling constants60-62 ø(2H) ) 213
kHz andø(17O)) 6.5 MHz. These values should be appropriate
for the approximately tetrahedrally hydrogen bonded internal
water molecules of BPTI.10,27 The factorNT in eq 5 removes
the dependence on protein concentration, while the factorτc
(and the use ofω0τc as abscissa) compensates for the small
variation in the correlation time (Vide supra).
Combination of eqs 1, 3, and 5 yields

The low-frequency limit ofR1
scaled in Figure 3 thus gives the

quantityNIA2 directly. The precise scaling of the2H and17O
data has been noted previously.13 The low-frequency value,
R1
scaled ) 2.04 ( 0.04, corresponds to the quite reasonable

value〈A2〉 ) 0.68( 0.01 for the mean square generalized order
parameter of the three internal water molecules W111, W112,
and W113 in the G36S mutant. From the1H data, however,
we obtainR1

scaled) 4.18( 0.10, corresponding to〈A2〉 ) 1.39
( 0.04. This is an unphysical result since a dipolar order
parameter cannot exceed 1. Although theA parameters for the
different nuclei need not be equal (Vide infra), the large deviation
of the 1H value indicates that the analysis is incomplete. In
the following, we demonstrate that the large deviation of the
scaled1H dispersion from the coincident2H and17O dispersions
in Figure 3 is due to (i) a contribution from intermolecular
dipole-dipole couplings between internal water and BPTI
protons and (ii ) a direct contribution from rapidly exchanging
labile BPTI protons.
Figure 4 shows the WT- G36S difference dispersions for

the three nuclei, scaled as in Figure 3. Since any direct labile
proton contribution cancels out in the difference, all three
dispersions must be due to the internal water molecule W122.
In contrast to Figure 3, there is now a large difference between
the scaled2H and17O dispersions as well. This difference is a
consequence of the longer residence time of W122,τI ) 170
( 20µs at 27°C,14 as compared toτI ) 0.01- 1 µs for W111-
W113.13 While W111-W113 are in the fast exchange limit
(with respect to the intrinsic relaxation rates of the internal water
nuclei) for all three nuclei at 27°C, W122 is in the fast exchange
limit for 1H only, in the intermediate exchange regime for2H,
and nearly in the slow exchange limit for17O. This, in turn, is
due to the different spin-lattice coupling constants for the three
nuclei, causing theC factors (which are proportional to the
intrinsic relaxation rates) in eq 5 to differ in the ratio 1:14.4:
856 for 1H, 2H, and17O (assuming iceIh coupling constants).

A recent study of the temperature dependence (in the range
4-80 °C) of the2H and17O dispersions for WT and G36S BPTI
indicates that W122 is fully ordered.14 We thus expect that
AW122(1H) ) 1. The low-frequency limit ofR1

scaled(1H) in
Figure 4, however, yieldsAW122

2 (1H) ) 1.41( 0.09, implying
that the effective dipole coupling constant is larger than the
intramolecular ice value. This is indeed expected, since there
are also intermolecular dipole couplings between the protons
of W122 and nearby BPTI protons.
Intermolecular Dipole Couplings. In the crystal structure

of BPTI,27 the protons of the four internal water molecules are
engaged in 40 intermolecular dipole couplings with proton
separations less than 3 Å. This is illustrated in Figure 5 for the
isolated internal water molecule W122. Such slowly modulated
intermolecular dipole couplings give rise to characteristic
positive cross-peaks in two-dimensional NOESY spectra39,40and
should also contribute substantially to the water1H relaxation
dispersion.
When intermolecular as well as intramolecular dipole cou-

plings are present, eq 1 should be replaced by

(58) Whalley, E.Molec. Phys.1974, 28, 1105-1108.
(59) Rabideau, S. W.; Finch, E. D.; Denison, A. B.J. Chem. Phys.1968,

49, 4660-4665.
(60) Edmonds, D. T.; Mackay, A. L.J. Magn. Reson.1975, 20, 515-

519.
(61) Spiess, H. W.; Garrett, B. B.; Sheline, R. K.; Rabideau, S. W.J.

Chem. Phys.1969, 51, 1201-1205.
(62) Edmonds, D. T. ; Zussman, A.Phys. Lett.1972, 41A, 167-169.
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Figure 4. Water1H, 2H, and17O difference dispersions (WT- G36S)
at 27.0°C. To allow a direct comparison, the data have been scaled as
in eq 5. The curves resulted from two-parameter fits according to eq
1. The2H and17O data have been reported previously.13

Figure 5. Environment of the internal water molecule W122 (center)
in the crystal structure of BPTI.27 The dashed lines represent the 11
intermolecular dipole couplings with H-H separations in the range
1.9-3.0 Å. Hydrogen atoms are white, carbon atoms grey, and N, O,
or S atoms black. Negative NOEs have been observed with five (bold)
of the eight strongly dipole-coupled BPTI protons.39

R1(ω0) ) Rbulk + R + âintraτcFintra(ω0τc) + âinterτcFinter(ω0τc)
(7)
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with the dispersion functionsFintra(x) ) 0.2/(1+ x2) + 0.8/(1
+ 4x2) andFinter(x) ) 0.1+ 0.3/(1+ x2) + 0.6/(1+ 4x2). The
dispersion amplitude parameters in eq 7 are given by

whereD and A are the dipole coupling constant and order
parameter associated with intramolecular and intermolecular
dipole couplings (as indicated by a superscript). Further, theµ
sum is over theNI internal water molecules, thei sum is over
all proton partners in long-lived intermolecular dipole couplings,
and the subscripts 1 and 2 refer to the two protons in an internal
water molecule. For intermolecular dipole couplings within the
cluster of the three internal water molecules W111-W113,κi
) (3/2) Fintra(ω0τc)/Finter(ω0τc) (“like spins”), while for dipole
couplings to BPTI protonsκi ) 1 (“unlike spins”).
Using the hydrogen coordinates from the jointly refined

neutron and X-ray crystal structure of BPTI,27 we have
calculatedâinter by including all N BPTI protons within a
distanceRcut of either proton of a specified internal water
molecule. For these calculations, the protein structure was taken
to be rigid (Aµni

inter ) 1). The convergence ofâinter with
increasingN is shown in Figure 6, and the converged values
are collected in Table 2. A relatively large number of protons
contribute significantly toâinter, adding up to an intermolecular
contribution of 1/3 of the experimentalâ (cf. Table 1).
Unfortunately, it is not possible to determineâintra andâinter

separately by fitting eq 7 to the dispersion data. The reason is

that the frequency dependencies of the intra- and intermolecular
contributions in eq 7, when properly normalized, are virtually
indistinguishable. Thus, toca. 1% accuracy, the dispersion
functionsFintra(x) andFinter(x) are related throughFinter(x) ) 0.1
+ 0.9Fintra(0.9x). If the minor shift of the dispersion frequency
is neglected, eq 7 can therefore be cast on the form of eq 1,
with the identifications

Since the fits in Figures 1 and 2 are based on eq 1, the parameter
values in Table 1 should be interpreted according to eqs 9 and
10. The systematic error introduced by this approximate
procedure was assessed by generating synthetic data with the
aid of eq 7 and then comparing the quantitiesR, â, and τc
obtained from a fit using eq 1 with the corresponding quantities
calculated from eqs 9 and 10 using the input parameters. It
was thus found that a fit based on eq 1 overestimatesâ by ca.
2% and underestimatesτc by ca. 3%, while R is virtally
unaffected by the approximation. These systematic errors are
of little consequence for the present work and will henceforth
be ignored.
With the data in Table 2, we find that the second term in eq

9 contributes merely 3-4% of theR value deduced from the
WT and G36S dispersion fits in Figure 1. The foregoing
interpretation ofR is therefore hardly affected. As regards the
difference dispersion in Figure 2, eq 9 predicts, withâinter(W122)
from Table 2, a high-field plateau value of 0.004 s-1, rather
than zero as assumed for the fit. This value, however, is just
within the experimental uncertainty.
Intramolecular Dipole Coupling. Having estimated the

intermolecular dipole couplings with the internal water mol-
ecules, we are now in a position to check whether the1H
dispersion data are quantitatively consistent with the previously
reported 2H and 17O dispersion data,13,14 i.e., whether the
intramolecular1H contribution corresponds to what is expected
from four internal water molecules in wild-type BPTI and three
in the G36S mutant.
The first step is to calculateâintra from eq 10 with the values

of â andâinter taken from Tables 1 and 2, respectively. We use
a rather conservative estimate of 20% for the uncertainty in the
intermolecular contribution, corresponding roughly to an un-
certainty of 0.1 Å in the H-H distances in the protein structure.
(From the high-resolution structures of three different crystal
forms of BPTI,27,63,64we calculate a root-mean-square variation
of 0.05 Å for the distances between the oxygen of W122 and
eight heavy atoms within 4 Å. This shows that the protein
geometry, in this region at least, is not sensitive to environmental
influences.) Including also the experimental error inâ from the
fit (cf. Table 1), we thus obtainâintra ) (4.4( 0.5)× 107 s-2

for G36S and (1.5( 0.2) × 107 s-2 for the WT - G36S
difference dispersion.
The intramolecular dispersion amplitude parameterâintra is

related through eq 8a to the quantityNI 〈(Dintra Aintra)2〉. Since
the difference dispersion is due exclusively to the internal water
molecule W122, we haveNI ) 1 here. Furthermore, from the
2H and17O results,14 we haveAintra(1H) ) 1 (Vide supra). If
the G36S dispersion is ascribed to the three internal water
molecules W111-W113, thenNI ) 3. For both2H and17O, it
was found thatNI〈A2〉 ) 2.04( 0.04.13 Since the electric field
gradient tensors of these nuclei are of different geometry,12,52,60-62

the equality of the generalized order parameters implies a certain
amount of orientational averaging by internal motions (on time
scales shorter than protein tumbling). From its general defini-

Figure 6. Dispersion amplitude parameterâinter due to intermolecular
dipole couplings with the indicated internal water molecules in BPTI.
The data points were calculated as described in the text, using the crystal
structure of BPTI.N is the number of BPTI protons within a prescribed
radius Rcut of either of the two water protons.âinter is inversely
proportional toNT () 3045 here).

Table 2. Dispersion Amplitude Parametersâinter andâcross for
Internal Water Molecules, Calculated from the Crystal Structure of
BPTI with Rcut ) 10 Å

water molecule âinter (106 s-2) âcross(106 s-2)

W111 5.65 -0.11
W112 9.28 -0.20
W113 7.60 -0.16
W122 6.12 -0.49
W111-W113 22.5 -0.46
all 28.7 -0.95

âintra ) (1/NT)
3

2
∑

µ

(Dµ
intraAµ

intra)2 ) (NI /NT)
3

2
〈(DintraAintra)2〉

(8a)

âinter ) (1/NT)∑
µ
∑
i

κi
1

2
[(Dµ1i

interAµ1i
inter)2 + (Dµ2i

interAµ2i
inter)2] (8b)

R ) Rtrue+ 0.1âinterτc (9)

â ) âintra + 0.9âinter (10)
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tion, one can derive explicit expressions forA for each of the
three librational normal modes. Such expressions have been
presented for2H and 17O.12 For 1H, a similar analysis shows
that

whereφ is the angle of rotation around the libration axis. This
result is valid for the twist and in-plane modes; the wag mode
has no effect onAintra. When the order parameters for the three
nuclei are plotted versus the libration amplitude, it is found that
under conditions whereA(2H) andA(17O) converge to (2.04/
3)1/2, they also do not differ much fromAintra(1H). We therefore
adopt the valueNI 〈(Aintra)2〉 ) 2.04 for the present analysis of
the 1H dispersion from the G36S mutant.
Using the values ofâintra andNI 〈(Aintra)2〉 deduced above,

we can now use eq 8a to calculate the intramolecular dipole
coupling constantDintra. To facilitate comparison with other
experimental data, however, we calculate instead the intra-
molecular second moment,M2

intra ) (9/20) (Dintra)2.51 We thus
obtainM2

intra ) 19( 2 G2 for W122 and〈M2
intra〉 ) 28( 3 G2

as an average for W111-W113. We have previously argued10,11

that the strong and approximately tetrahedral hydrogen bonding
of the internal water molecules in BPTI27 implies that the water
2H and17O quadrupole coupling constants should be essentially
the same as in iceIh. In the case of W122, where the most
detailed data are available, this hypothesis appears to have been
confirmed.14 If the present analysis of1H NMRD data is correct,
we therefore expect the intramolecular second momentM2

intra

deduced for the internal water molecules in BPTI to closely
match that of ice. Subtracting the calculated intermolecular
second moment from the measured total second moment, one
obtainsM2

intra ) 19.6( 1.1 G2 for ice Ih, 19.1( 1.1 G2 for ice
Ic, 19.0( 1.3 G2 for ice II , and 20.3( 1.3 G2 for ice IX.58,59

Our result for W122 is thus in excellent agreement with the ice
values, as anticipated. For W111-W113, however, the deduced
average intramolecular second moment of 28( 3 G2 is
significantly larger than in any of the ice polymorphs. This
finding indicates a non-negligible contribution to the water1H
relaxation from labile BPTI protons at pH 5.1.
It should be noted that the quoted intramolecular second

moments for the ice polymorphs include the effect of motional
averaging by intramolecular vibrations and small-amplitude
librations.65,66 While these motions have been estimated to
reduceM2

intra by 16%,58 they are much too fast (10-100 fs) to
make a significant direct contribution to the relaxation. (Mo-
tional averaging by slower motions, typically a few to a few
hundred picoseconds, is taken into accountVia the order
parameterA.) The high-frequency motional averaging should
occur to roughly the same extent for water molecules in ice
and in proteins. Also the ice values for the2H and 17O
quadrupole coupling constants are motionally averaged in this
way.
Exchange of Labile BPTI Protons. The water1H and2H

relaxation rates from a protein solution generally include direct
contributions from labile protein hydrogens exchanging with
water.11,57 In the case of BPTI, the strong observed pD
dependence of the2H dispersion amplitude parameterâ can be
quantitatively accounted for by exchanging labile hydrogens.11

Only in a narrow range around pD 5.5 can this effect be

neglected. Due to the smaller coupling constant for1H, the
intrinsic relaxation time of a labile proton is 1-2 orders of
magnitude longer than for the corresponding labile deuteron.
Consequently, labile hydrogen exchange is expected to be more
important for the1H dispersion.
To incorporate the effect of exchanging labile protons on the

1H relaxation, we decompose the dispersion amplitude into
contributions from internal water molecules (âW) and from labile
protons in the protein (âP)

whereâW ) âW,intra + 0.9âW,inter as in eq 10, withâW,intra and
âW,inter given by eqs 8a and 8b. Also theâP term has
“intramolecular” (within NH2 and NH3 groups) and “inter-
molecular” parts. If proton exchange is fast compared to the
intrinsic relaxation,âP is simply related to a population-weighted
average of intrinsic relaxation rates. At a given pH, however,
the labile proton population exhibits a wide range of exchange
rates. We therefore computeâP as

whereωR is a frequency on theR plateau above theâ dispersion,
and

where the sum runs over all labile groups in the protein.NPk is
the number of protons in each group, determined by solution
pH and pKa values for the labile protons, all of which are known
for BPTI.67 Furthermore,NP ) ∑kNPk. The mean residence
timesτPk of labile protons are determined by pH and the rate
constants for acid- and base-catalyzed proton exchange, many
of which have been determined for BPTI.11,28,29 For the present
calculations, we made use of the known rate constants, corrected
to 27°C using estimated activation energies.28,68 For those labile
protons where rate constants have not been determined, we used
values for similar labile protons in BPTI or in model com-
pounds.68 Finally, to achieve agreement with the isotope
dilution data (Vide infra), we scaled the hydroxyl rate constants
by a factor 3 and the lysine rate constant by a factor 0.3 (giving
k2 ) 6.5× 109 M-1 s-1, in close agreement with a previous
estimate for BPTI11). The intrinsic relaxation timesTPk(ω) of
labile protons were calculated from the proton coordinates in
the crystal structure of BPTI.27 In this way we obtainedâP )
1.5 × 107 s-2 at 27 °C, pH 5.1 andNT ) 3045. For the
following analysis, we estimate the uncertainty inâP to 20%.
The intramolecular contribution from the three internal water

molecules W111-W113 can now be obtained asâW,intra) â -
0.9âW,inter - âP ) (2.9( 0.5)× 107 s-2. Inserting this value
andNI 〈(Aintra)2〉 ) 2.04 (Vide supra) into eq 8a, we arrive at
the (average) intramolecular second moment〈M2

intra〉 ) 18( 4
G2 for W111-W113. The close agreement of this value with
M2

intra for the ice polymorphs (Vide supra) supports our inde-
pendent estimate ofâP.
The WT- G36S difference dispersion should be unaffected

by proton exchange since theâP contribution cancels out in the
difference. The G36S mutant contains, in addition, the hydroxyl
group of Ser 36. Being deeply buried and strongly hydrogen
bonded, however, this hydroxyl proton should exchange too
slowly to contribute significantly even to the1H dispersion.20

(63) Wlodawer, A.; Deisenhofer, J.; Huber, R.J. Mol. Biol.1987, 193,
145-156.

(64) Wlodawer, A.; Nachman, J.; Gilliland, G. L.; Gallagher, W.;
Woodward, C.J. Mol. Biol. 1987, 198, 469-480.

(65) Pedersen, B.J. Chem. Phys.1964, 41, 122-132.
(66) Barnaal, D. E.; Lowe, I. J.J. Chem. Phys.1967, 46, 4800-4809.

(67) Wüthrich, K.; Wagner, G.J. Mol. Biol. 1979, 130, 1-18.
(68) Liepinsh, E.; Otting, G.Magn. Reson. Med.1996, 35, 30-42.

[Aintra(1H)]2 ) 1- 3〈sin2 φ〉〈cos2 φ〉 (11)

â ) âW + âP (12)

âP ) [RP(0)- RP(ωR)]/τc (13)

RP(ω) )
1

2 (NT + NP)
∑
k

NPk

TPk(ω) + τPk
(14)
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At pH 5.1 and 27°C, theâP contribution is dominated by
the eight hydroxyl protons in BPTI (ca.70%), which are in the
fast exchange limit withτPk in the range 0.5-5 ms andTPk(0)
in the range 8-40 ms. The 15 ammonium protons in BPTI,
which also contribute significantly (ca. 15%) to âP, have
intermediate exchange rates at pH 5.1 (τPk ≈ TPk in the range
20-85 ms). At higher pH values, arginine and amide protons
make large contributions toâP, and at lower pH there is a small
contribution from rapidly exchanging carboxylic protons. Figure
7 shows the variation ofâP with pH at 27°C, calculated as
described above. In calculating the curves in Figure 7, order
parameters of 0.6 were used for the flexible side chains of lysine
and arginine residues,11 where relaxation is predominantly
intramolecular. (In addition, we assumed fast rotation of NH3

groups.) For other types of labile protons, relaxation is
intermolecular and therefore less affected by internal motions.
In Figure 7, the labile proton contribution,âP, has been
normalized by the contribution,âW ) 2.0 × 107 s-2, from a
fully ordered internal water molecule such as W122. Above
pH 6.4, the labile proton contribution to the1H dispersion
amplitude exceeds that from the four internal water molecules.
The long-standing belief that labile proton contributions are
negligible at neutral pH8,16-18,22,30,31is clearly not supported by
the present analysis. On the other hand, the results of Figure 7
show the expected qualitative similarity with the previously
reported pH dependence of the2H dispersion amplitude.11

Isotope Dilution. By recording the1H relaxation dispersion
from protein solutions of varying H/D isotope composition, the
contribution from intermolecular dipole couplings with nonlabile
protein protons can be isolated.4,21-26 Figure 8 shows the result
of such an isotope dilution experiment on four BPTI solutions
of varying atom fraction deuterium (x) in the exchanging
hydrogen pool (water and labile hydrogens). The dispersion
parametersR, â, andτc in eq 1, resulting from the fits shown
in Figure 8, are collected in Table 3. All four solutions were
of the same BPTI concentration, slightly higher (18.9 mM, or
NT ) 2600) than in the solutions used for the difference NMRD
experiment (16.8 mM orNT ) 3045). The lyonium ion activity
was also the same in the four solutions, with pL) pH* + 0.4x
) 5.1, as in the difference NMRD experiment. As expected,
theâ values in Table 1 (wild-type BPTI) and Table 3 (x ) 0)
coincide when normalized by the concentration variableNT.

Due to the smaller magnetic moment of the deuteron, a
uniform Hf D substitution reduces the1H relaxation rate by
a factor2/3(γD/γH)2ID(ID + 1)/IH(IH + 1) ) 0.042.51,69 If the
H2O solvent in a protein solution is replaced by D2O, all
contributions to the dispersion amplitudeâ from (intra- and
intermolecular) dipole couplings with labile hydrogens (includ-
ing internal water hydrogens) are therefore reduced by this
factor, while contributions from (intermolecular) dipole cou-
plings with nonlabile protein protons are unaffected. In an
isotopically mixed solvent (0< x< 1), a proton dipole-coupled
to n hydrogen nuclei can exist in 2n states with different H/D
substitution patterns and, hence, different intrinsic relaxation
rates. If H/D exchange is fast compared to spin relaxation,
however, the intrinsic relaxation rates will be population-
weighted averages over the ensemble of H/D configurations.
Consequently, the dispersion amplitude should decrease linearly
with the deuterium fraction as

whereâ0 and â1 are the contributions from dipole couplings
with nonlabile and labile protons, respectively.
Figure 9 shows the variation ofâ with x for BPTI at pL 5.1.

Within the experimental uncertainty, the linear relationship in
eq 15 is obeyed. (In the fast exchange regime,â is unaffected
by the isotope effect on solvent viscosity.) The solid curve,
which conforms closely to the data, was calculated as follows.
The water contributionâW (dashed line) was obtained from the
âW,intra andâW,inter values deduced from the preceding analysis
(and scaled toNT ) 2600), withâW,inter partitioned intoâ0 and
â1 contributions on the basis of the crystal structure. For W122,
57% of âW,inter is due to dipole couplings with labile protons,
essentially the amide NH protons of Cys 14, Gly 36, and Cys
38 (cf. Figure 5). The percentage is nearly the same for the

(69) Smith, D. W. G.; Powles, J. G.Molec. Phys.1966, 10, 451-463.

Figure 7. Variation with pH of the labile proton contributionâP to
the1H dispersion from BPTI solutions at 27°C, calculated as described
in the text.âP has been normalized by the contributionâW122 of one
fully ordered internal water molecule (W122); the ratio is thus
independent of protein concentration. Separate contributions toâP are
shown from the OH and COOH groups (long dash), the lysines and
arginines (short dash), and the amides (dash-dot) of BPTI.

Figure 8. Dispersion of the water1H longitudinal relaxation rate in
18.9 mM BPTI solutions with isotopically mixed water (deuterium
fraction indicated) at 27.0°C and pL 5.1. The curves resulted from
three-parameter fits according to eq 1. Except for the two lowest
frequencies, the estimated error bars (ca. 1%) are roughly the same
size as the data symbols.

Table 3. Parameter Values Deduced from Fits of Eq 1 to the1H
Relaxation Dispersion Data in Figure 8

x Rbulk + R (s-1) â (107 s-2) τc (ns)

0 0.409( 0.004 10.0( 0.2 6.6( 0.2
0.360 0.289( 0.003 7.48( 0.16 6.4( 0.2
0.651 0.199( 0.002 5.08( 0.11 6.4( 0.2
0.856 0.134( 0.001 3.61( 0.07 7.1( 0.2

â(x) ) â0 + (1- 0.958x)â1 (15)
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four internal water molecules as a group. The contributionâP
from exchanging BPTI protons (dash-dotted curve) was calcu-
lated from eqs 13 and 14, using the same rate constants as for
the preceding analysis. The nonlinearity in this contribution is
due to the lysine NH3 protons that are in the intermediate
exchange regime (cf. eq 14). In principle, a nonlinearx
dependence can also result from the (primary) isotope effects
on pKa values and pKw (included in the analysis), from the
(secondary) isotope effects on the exchange rate constants
(neglected), and from small deviations of isotope fractionation
factors70 from unity (neglected). At least under the present
conditions, however, these effects are insignificant.
As a convenient indicator of the relative importance of dipole

couplings with labile and nonlabile protons, we take the relative
reduction ofâ on going from H2O to D2O. This quantity,
denoted∆â, is proportional to the slope of a linearâ(x) plot.
For BPTI at pH 5.1, we find∆â ) 75%, clearly less than the
96% expected if all dipole couplings involved labile protons
(dotted line in Figure 9). The nonlabile BPTI protons respon-
sible for this difference are dipole-coupled to internal water
molecules (âW) as well as to exchanging BPTI protons (âP).
The âW contribution, with∆âW ) 81%, is dominated by the
intramolecular dipole coupling. TheâP contribution at pH 5.1
is dominated by the eight hydroxyl protons (∆âOH ) 31%). The
15 ammonium protons add a smaller nonlinear (intermediate
exchange rate) contribution with a larger reduction factor (due
to the dominant intramolecular dipole couplings within the NH3

group).
In several earlier1H NMRD studies of protein solutions, the

behavior of the water1H relaxation rate under H/D isotope
dilution has been taken as evidence for significant cross-
relaxation between the labile and nonlabile proton pools.3,22,24,26

The present analysis shows, however, that the isotope dilution
data can be quantitatively accounted for without invoking cross-
relaxation. This conclusion is supported by the theoretical
analysis of cross-relaxation described in the following section.
We shall not attempt to analyze thex dependence ofR (Table

3). To do this, the dispersion should be extended to higher
frequencies to define the high-frequency plateau more ac-
curately. Fortunately, the uncertainty in the present data in this
respect are of little consequence for the analysis ofâ (sinceâτc
is large compared toR).

Dipolar Cross-Relaxation. In the preceding analysis, we
assumed that intramolecular and intermolecular dipole couplings
contribute additively toR1 as in eq 7. This is an approximation.
A more rigorous approach is to calculate the evolution of the
observed water magnetization for the case where a water
molecule (or labile proton) exchanges between the bulk solvent
and an internal site, where each of the water protons is dipole
coupled to the protein protons, which in turn are dipole coupled
to each other.
In the Appendix, we present a rigorous treatment of dipole

relaxation in a multispin system in the presence of chemical
exchange. This analysis shows that eq 7 should be supple-
mented by a term of the formâcrossτcFcross(ω0τc), where, like
Fintra(x) and Finter(x), Fcross(x) is a non-negative dispersion
function with normalizationFcross(0)) 1. The cross-relaxation
term cannot in general be expressed in a simple form but can
be evaluated numerically as described in the Appendix. As for
âinter, we have calculatedâcross for the four internal water
molecules in BPTI, using the proton coordinates in the crystal
structure27 and includingN BPTI protons within a distanceRcut
of either water proton. The results are presented in Figure 10
and Table 2. The cross-relaxation termâcrossis very small, about
1% of â, and, as anticipated (cf. Appendix), it is negative. In
the investigated frequency range, the dispersion function is well
approximated byFcross(x) ) [1.2/(1 + 4x2) - 0.2]2/Finter(x),
which is the exact result forN ) 1 (cf. eq A14). With a
correlation time ofτc ) 6.2 ns, as found here, the cross-
relaxation contribution should thus produce a broad maximum
just below 30 MHz. Sinceâcross is expected to be merely 1%
of â, however, this feature cannot be resolved at the present
experimental accuracy (ca.1% inR1). Similar calculations were
performed for the labile protons of BPTI, yielding (negative)
cross-relaxation corrections to the intrinsic relaxation rates of
at most a few percent.
While the present numerical assessment of cross-relaxation

effects refers specifically to BPTI, the spatial distribution of
protons around the four internal water molecules and elsewhere
in the protein structure should be fairly typical of globular
proteins in general. The conclusion that cross-relaxation is
unimportant for the1H relaxation should therefore hold generally
for solutions of freely tumbling proteins. The relative impor-
tance of cross-relaxation is determined by quantities of the form
σij
2/(FiFj). Since the cross-relaxation rateσij is due solely to
the dipole coupling between protonsi and j, while the auto-

(70) Schowen, K. B.; Schowen, R. L.Meth. Enzymol.1982, 87, 551-
606.

Figure 9. Variation of the dispersion amplitude parameterâ with the
D atom fractionx. The solid curve, calculated as described in the text,
is the sum of a contributionâW from the four internal water molecules
(dashed line) and a contributionâP from labile BPTI protons (dash-
dotted curve). The expected reduction ofâ with x in the absence of
dipole couplings to nonlabile BPTI protons is also shown (dotted line).

Figure 10. Dispersion amplitude parameterâcrossdue to cross-relaxation
between BPTI protons and the protons of the indicated internal water
molecules. The data points were calculated as described in the text,
using the crystal structure of BPTI.N is the number of BPTI protons
within a prescribed radiusRcut of either of the two water protons.âcross

is inversely proportional toNT () 3045 here).
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relaxation ratesFi andFj involve all dipole couplings to these
protons (cf. eq A3), one expects in general thatσij

2 , FiFj.
This is particularly obvious wheni or j is a water proton,
strongly coupled to its intramolecular partner. Since this
argument is independent of the value of the correlation timeτc,
cross-relaxation should be unimportant also for proteins that
are much larger than BPTI or dissolved in highly viscous
solvents, as long as the conventional perturbation theory of spin
relaxation is valid.
Due to the pseudoadiabatic spectral density,j(ωi - ωj) ≈

j(0), present inσij and Fij, cross-relaxation has a small but
significant effect on theR plateau, above theâ dispersion. In
the case of W122, which shows the largest cross-relaxation
effect among the four internal water molecules in BPTI (cf.
Table 2), the high-frequency intermolecular contribution toR1,
as given by the second term in eq 9, is thus reduced byca.
50% due to cross-relaxation. Since the high-frequency inter-
molecular contribution is merely a few percent of the surface
water contributionR, however, cross-relaxation can be ignored
also at high frequencies. A longer correlation timeτc, whether
due to a larger protein or a more viscous solvent, would not
alter this conclusion much, since both terms in eq 9 would
increase. For the magnetization associated with the nonlabile
protein protons (not observed here), however, cross-relaxation
can become important at high frequencies for large proteins.71,72

Conclusions

Over the past three decades, numerous attempts have been
made to define the respective roles of hydration water, labile
protons, intra- and intermolecular dipole couplings, and cross-
relaxation in determining the water1H relaxation rate measured
in protein solutions.5-8 The failure of this massive body of
experimental data to provide a coherent picture of protein-
water interactions and dynamics was due mainly to the
incomplete understanding of the molecular mechanism whereby
hydration water acquires a correlation time 3-4 orders of
magnitude longer than in bulk water. The recent dem-
onstration9-15 by 17O NMRD of the crucial role played by
internal water molecules also removed the major obstacle to a
molecular interpretation of1H relaxation data from protein
solutions.
Taken together with the previous2H and17O NMRD studies

of wild-type and mutant BPTI,9-11,13,14the present1H NMRD
study of the same proteins demonstrates that the relaxation
dispersions of all three nuclei report on internal water molecules
exchanging with bulk water on a time scale that is short
compared to the intrinsic relaxation time. For all three nuclei,
the coupling constant for the internal water molecules is
consistent with that in hexagonal ice, as expected from the
similar hydrogen bond geometry.
The relaxation rates of the hydrogen isotopes contain, in

addition, a direct contribution from exchanging protein hydro-
gens which generally is more important for1H than for2H, due
to the longer intrinsic relaxation time of1H. While the 2H
dispersion may be virtually unaffected by hydrogen exchange
in a narrow pH range, as found for BPTI,11 the 1H dispersion
appears to be affected under all conditions. For BPTI at neutral
pH, labile protein protons thus make a larger contribution than
water protons to the1H relaxation dispersion. For its relatively
small size (6.5 kDa), BPTI has an unusually high internal water
content. The labile proton contribution is therefore expected
to be relatively more important for most other proteins. It is

clear that pH is a crucial variable in water1H relaxation studies
of aqueous macromolecular systems. Conclusions drawn from
previous1H studies where the labile proton contribution was
ignored (sometimes to the extent that pH was not even reported)
need to be reexamined. Moreover, the present results suggest
that labile protons play an important, if not dominant, role in
determining magnetization transfer contrast in magnetic reso-
nance imaging of soft tissue.
As demonstrated previously for2H13,14 and here for1H, the

labile hydrogen contribution may be eliminated by performing
a difference NMRD experiment involving mutants or otherwise
modified proteins. Under such conditions, the1H dispersion
can usefully complement2H and17O data in several respects.
First, due to the widely different coupling constants and
consequent difference in intrinsic relaxation times, the three
nuclei have different “NMRD windows”,14,15 i.e., they are
sensitive to internal water molecules with residence times in
different ranges. By comparing the dispersions of the three
nuclei, more detailed information about residence times can thus
be obtained. Second, due to the different geometries of the
interaction tensors of the three nuclei, they are affected to a
different extent by anisotropic motions of internal water
molecules. A fast 180° flip around the water dipole axis, for
example, reduces the2H dispersion amplitude by 40% but has
no effect on the1H and17O amplitudes.12 Third, due to the much
higher magnetogyric ratio of1H as compared to2H and 17O,
the 1H dispersion can be followed up to much higher frequen-
cies, approaching the GHz range. This is an advantage in
studies of small proteins, high temperatures, or short residence
times.
In previous work, the role of intermolecular dipole couplings

and cross-relaxation has been assessed by comparing1H and
2H NMRD profiles from protein solutions.5,16,22,30 For all
investigated proteins, the scaled1H rate is found to be
considerably larger than the scaled2H rate. In the past, the
scaling has usually been done with the bulk water relaxation
rates. Since the intermolecular contribution to the1H rate is
ca.60% in bulk water,73 as compared toca.30% for an isolated
internal water molecule such as W122 (cf. Tables 1 and 2),
scaling with bulk water rates tends to underestimate the
intermolecular contribution (producing a too low scaled1H/2H
ratio) and may obscure a direct labile proton contribution. Given
that the water contribution (âW) is due to internal water
molecules, it is more natural to scale the relaxation rates with
the rigid-lattice (iceIh) coupling constants, as in eq 5. The
ratio of the scaled dispersion amplitudes is then given by the
quantityK ) [â(1H)/â(2H)][C(2H)/C(1H)]. The data in Figures
3 and 4 yieldK ) 1.8 for W122 andK ) 2.1 for W111-W113
in BPTI solutions at pH 5.1 and 27°C. From previously
reported data, we obtainK ) 2.6 for carbonmonoxy hemoglobin
(pH 7.5, 25°C),30K ) 3.5 for lysozyme (pH 4.5, 22°C),30 and
K ) 6.8 for alkaline phosphatase (pH 7.5, 5°C).22 As shown
here, a valueK > 1 can be attributed to any or all of the
following effects: (i) an intermolecular1H auto-relaxation
contribution, (ii ) a direct labile hydrogen contribution, which
is always larger for1H than for2H, (iii ) internal water molecules
that are not in the fast exchange limit and therefore contribute
more to1H than to2H (cf. Figure 4), and (iV) internal water
molecules that undergo fast 180° flips, which only reduce the
2H rate. In the absence of effects (ii )-(iV), we expectK ≈ 1.3
for singly buried water molecules (as W122) andK ≈ 1.6 for
linear clusters of buried water molecules (as W111-W113).
The considerably largerK values actually obtained indicate that

(71) Kalk, A.; Berendsen, H. J. C.J. Magn. Reson.1976, 24, 343-366.
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146.
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the effects (ii )-(iV) are important. For the proteins studied at
pH 7.5, the direct labile proton contribution probably exceeds
the water contribution (cf. Figure 7).
Previous H/D isotope dilution studies have not produced a

coherent picture of the role of intermolecular dipole couplings.
Three factors are mainly responsible for this: (i) the importance
of internal water molecules was not recognized, (ii ) the direct
labile proton contribution was usually ignored, and (iii ) para-
magnetic impurities may have contributed to the1H rate at high
deuterium fractions.21,30 By explicitly calculating the contribu-
tion from exchanging and nonexchanging protein protons to the
intermolecular dipole couplings with internal water molecules
and labile protons, we have shown here that the measuredâ
reduction,∆â ) 75%, for BPTI at pH 5.1 can be quantitatively
accounted for. Previously reported1H NMRD isotope dilution
data yield smallerâ reductions than found here:∆â ) 59%
for fibrinogen (pH 5.9 and 7.3, 28°C),25∆â ) 59% for carbonic
anhydrase (pH 7.5, 5°C),22 ∆â ) 48% for carbonmonoxy
hemoglobin (pH 7.5, 25°C),22 and ∆â ) 31% for alkaline
phosphatase (pH 7.5, 5°C).22 The smallest∆â is expected from
labile OH and NH protons, which relax entirely by intermo-
lecular dipole couplings. Among the proteins mentioned,
alkaline phosphatase has a uniquely high (OH+ NH)/(NH2 +
NH3) ratio, which may partly explain the small∆â value.
In one previous isotope dilution study,22 the reported plots

of âτc versusx were concave upwards at highx. This finding
cannot be explained by the small nonlinear isotope effects on
â discussed here. In fact, one would expect the curvature to
be concave downwards due to the viscosity isotope effect on
τc. Since the reported dispersion amplitudes were determined
by fitting the empirical Cole-Cole dispersion to dispersion data
that do not extend up to theR plateau, it is possible that
systematic errors play a role. Such errors are expected to be
most important at highx, where the dispersion is small.
Nonlinearities are absent in the present BPTI data (extending
up to x ) 0.86) as well as in previously reported data for
fibrinogen25 and lysozyme26 (both these studies extended up to
x ) 0.90). Other isotope dilution studies4,21,23 have been
restricted to a single relatively high resonance frequency and
therefore report mainly on theR contribution from surface
hydration.
Earlier theoretical treatments of the effect on water1H

relaxation of cross-relaxation with protein protons have generally
been based on phenomenological models, postulating two or
more proton “phases”, each with a uniform “spin temperature”
established by “spin diffusion”, taken to be fast compared to
longitudinal relaxation.5,22,41-43 These concepts are borrowed
from the solid state, where the flip-flop term in a static dipolar
Hamiltonian leads to coherent polarization transfer, often
referred to as spin diffusion.74 For a protein solution, where
the dipolar Hamiltonian fluctuates at a rate fast compared to
the dipole couplings (the motional narrowing condition), these
concepts are no longer applicable. In particular, the cross-
relaxation ratesσWP are typically much smaller than the auto-
relaxation ratesFW and FP, thus effectively quenching polar-
ization transfer. Within the framework of the phenomenological
model, cross-relaxation is regarded as a consequence of a higher
intrinsic longitudinal relaxation rate of protein protons as
compared to water protons, the former acting as a relaxation
sink for the latter. The appearance in this model of a cross-
relaxation rate constant with a physical significance that is
qualitatively different from the cross-relaxation rate in the
Solomon equations32,33has created considerable confusion. Now
that the origin of the relaxation dispersion has been identified

as internal water molecules and labile protons, it is straight-
forward to calculate the cross-relaxation contribution using the
rigorous Solomon equations. When this is done, it is found
that the cross-relaxation effect on the1H relaxation dispersion
is negligible. It is also clear that the high-frequencyR
contribution is virtually unaffected by cross-relaxation. This
conclusion follows since the quantityσWP

2 /(FWFP), which de-
termines the efficiency of cross-relaxation (cf. Appendix), is
proportional to the effective correlation for theFW andFP rates,
and this cannot exceed the subnanosecond residence time of a
water molecule at the protein surface.
The suggestion by Edzes and Samulski41,75 that cross-

relaxation plays a role for water1H relaxation in macromolecular
systems was based on experimental data from biological systems
that differ in two important respects from protein solutions: the
macromolecules were not free to tumble, and the water content
was low. Under these conditions, the theoretical treatment
presented here does not apply, and a significant role for cross-
relaxation cannot be ruled out. Ironically, the current view of
the leading proponent for cross-relaxation effects in mobile
protein solutions is that cross-relaxation is unimportant for cross-
linked proteins.19,76 Instead, the distinctly non-Lorentzian1H
dispersion from cross-linked serum albumin was interpreted in
terms of two classes of long-lived water molecules at the protein
surface, with residence times of 1µs and 23 ns, respectively.19,76

A similar interpretation was proposed for the2H dispersion in
the same system.18 As we have demonstrated elsewhere,77,78

however, the2H dispersion frequency in a rotationally im-
mobilized system reflects the (residual) quadrupole frequency
rather than a motional correlation time. Analogous consider-
ations should apply to the1H dispersion.
In their recent work, Koenig and co-workers attempt to

redefine the concept of cross-relaxation.76,79 The pseudo-
adiabatic spectral densityj(0), appearing in the auto- and cross-
relaxation rates (cf.eqs A4 and A5), is thus said to be associated
with “magnetization transfer”, the spectral densityj(ω0) with
“cross-relaxation”, and the spectral densityj(2ω0) with both.
In our view, this semantic excercise does little to clarify the
issue. We use the term cross-relaxation in its original sense32,33

to describe the dynamic coupling between the longitudinal
magnetizations of different spin populations. The theoretical
analysis presented here shows that the effect of this coupling
on the water1H relaxation dispersion in protein solutions is
negligible. The intrinsic1H relaxation rates of internal water
molecules and labile protein protons can therefore be obtained
by simply adding the intermolecular auto-relaxation rate to any
intramolecular contribution, as in eq 7. Since, in protein
solutions, the water1H relaxation rate should be virtually
unaffected by the relaxation (or saturation) of the magnetization
associated with the nonexchanging protein protons, there is no
need to consider coupled equations of motion.
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Appendix: Dipole Relaxation in a Multispin System with
Chemical Exchange

Consider a spin-1/2 nucleus exchanging between a bulk-like
environment and a macromolecular site, where it is dipole
coupled toNmacromolecular spin-1/2 nuclei, all of which are
mutually dipole coupled. The exchanging nucleus might be a
proton in a water molecule exchanging between a bulk environ-
ment and an internal cavity in a protein or a labile protein proton
exchanging with bulk water. We assume that all spins are
weakly coupled,i.e., all scalarJ couplings are small compared
to the corresponding chemical shift differences. Furthermore,
we assume that all spins have the same magnetogyric ratio,γ.
Finally, we neglect cross-correlations,i.e., we consider only
auto-correlation functions for the spatial variables.
Under the stipulated conditions, the coupled evolution of the

nonequilibrium longitudinal magnetization associated with the
considered spins is described by a set ofN+ 2 linear relaxation-
exchange equations,32,33that can be expressed in matrix notation
as

whereX(t) is a column vector with components [∆IzB, ∆IzM,
∆Iz1, ∆Iz2, ...,∆IzN], the subscripts labeling the bulk-like state
(B), the exchanging macromolecular site (M), and the non-
exchanging macromolecular sites (1,2,...,N). The rate matrix
R takes the form

Here,f is the ratio of the equilibrium populations in the M and
B states, andk is the M f B exchange rate,i.e., 1/k is the
mean residence time of a nucleus in site M. The auto-relaxation
rates,Fi, and cross-relaxation rates,σij, of the explicitly dipole-
coupled nuclei are

with the dipole coupling constant

If the protein dynamics can be modeled as rotational diffusion
of a rigid spherical top, the spectral density function takes the
simple form

The following treatment, however, is valid also for more
sophisticated spectral density functions.52,53

Our aim here is to calculate the evolution of the nonequilib-
rium longitudinal magnetization,∆IzB(t), associated with the
bulk-like environment. The formal solution to eq A1 is

showing that∆IzB(t) decays in general as a sum ofN + 2
exponentials. In practice, however, it is often found that the
decay of∆IzB(t) is indistinguishable from a single exponential.
The effective longitudinal relaxation rate,RB, measured under
such conditions can be obtained as

By Laplace transforming eq A8, one obtains from eq A9

For selective excitation of the B spins, only the first term in eq
A10 contributes since then∆IzM(0) ) ∆Izi(0) ) 0. The
remaining terms can actually be neglected also in the case of
nonselective excitation provided thatf , 1 andFB , (FM, F1,
F2, ...,FN), as is frequently the case. For selective excitation of
the macromolecular spins, however, the observed B spin
magnetization obviously evolves nonmonotonically (since∆IzB(0)
) 0). The concept of an effective relaxation rate is therefore
not useful in this case.
Taking the inverse of the rate matrixR and using elementary

properties of determinants, we find from eq A10 that the
effectively exponential decay of the nonequilibrium bulk
magnetization is governed by a relaxation rate

with the intrinsic relaxation rate,RM, of the exchanging
macromolecular site given by

where P is the relaxation matrix for the nonexchanging
macromolecular spins

and the matrixPi is obtained fromP by replacing thei:th row
of P by (σM1, σM2, ...,σMN). For the case of selective (B spin)
excitation, eqs A11-A13 represent an exact result for the
effective relaxation rateRB defined in eq A9. For nonselective
excitation, the result is an accurate approximation as long asf
, 1 andFB , RM. If all cross-relaxation ratesσMi vanish, then
RM ) FM and, eq A11 reduces to the well-known44 result for
two-site exchange under the conditionsf , 1 andFB , FM.
Using eqs A3-A5, it can be shown that det(P) andσMi det(Pi)
are non-negative and, hence, that the effect of the cross-
relaxation ratesσMi is always to reduce the intrinsic relaxation
rateRM, i.e., the inequalityRM e FM holds generally. For the
special case of a rigid, spherical-top protein, with the spectral

d
dt
X(t) ) -RX(t) (A1)

R ) [(FB + fk) -k 0 0 · · · 0
-fk (FM + k) σM1 σM2 · · · σMN

0 σM1 F1 σ12 · · · σ1N

0 σM2 σ12 F2 · · · σ1N
·
·
·

·
·
·

·
·
·

·
·
·

· · ·
·
·
·

0 σMN σ1N σ1N · · · FN
] (A2)

Fi ) ∑
j)1
j*i

N

Fij (A3)

Fij ) Dij
2[0.1 j(0)+ 0.3 j(ω0) + 0.6 j(2ω0)] (A4)

σij ) Dij
2[0.6 j(2ω0) - 0.1 j(0)] (A5)

Dij ) (µ0

4π)pγ2

rij
3

(A6)

j(ω) )
τc

1+ (ωτc)
2

(A7)

X(t) ) exp(-Rt)X(0) (A8)

1/RB )∫0∞dt∆IzB(t)/∆IzB(0) (A9)

1/RB ) (R-1)BB + (R-1)BM∆IzM(0)/∆IzB(0)+

∑
i)1

N

(R-1)Bi∆Izi(0)/∆IzB(0) (A10)

RB ) FB + f
1
RM

+ 1
k

(A11)

RM ) FM -
1

det (P)
∑
i)1

N

σMidet(Pi) (A12)

P) [F1 σ12 · · · σ1N

σ12 F2 · · · σ2N
·
·
·

·
·
·

· · ·
·
·
·σ1N σ2N · · · FN

] (A13)
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density function as in eq A7, the cross-relaxation contribution
to RM vanishes whenσMi ) σij ) 0, i.e., whenω0τc ) x5/2.
For N ) 1, eq A12 reduces to

and forN ) 2

If the cross-relaxation rates,σij, between the macromolecular
spins are neglected, the general result, eq A12, reduces to

The preceding results are readily generalized to the case where
the exchanging entity is a two-spin system, such as the protons

in a water molecule. The only difference is that now the two
cross-relaxation rates that couple the exchanging and non-
exchanging macromolecular spins are no longer equal; instead,
we have

The net effect of this modification is that the cross-relaxation
terms in eqs A12 and A13-A16 are multiplied by a factor 1/2.
The auto-relaxation rate of the M spins is now given by

while the auto-relaxation ratesFi of the nonexchanging spins
are given by eq A3 with the summation including the two M
spins.

JA963611T

RM ) FM -
σM1
2

F1
(A14)

RM ) FM -
(F1σM2

2 + F2σM1
2 - 2σM1σM2σ12)

(F1F2 - σ12
2 )

(A15)

RM ) FM - ∑
i)1

N σM
2

Fi
(A16)

σMi ) 1
2

σiM ) σM1i + σM2i (A17)

FM ) (FM1M2 + σM1M2) +
1

2
∑
i)1

N

(FM1i + FM2i) (A18)

3134 J. Am. Chem. Soc., Vol. 119, No. 13, 1997 Venu et al.


